Low molecular weight heparin (LMWH) exhibits anti-inflammatory properties, but its effect on inflammation in colitis remains unclear. This study aimed to evaluate the therapeutic effects of LMWH on dextran sulfate sodium (DSS)-induced colitis in mice, in which acute colitis progresses to chronic colitis, and to explore the potential mechanism involved in this process. C57BL/6 mice were randomly divided into control, DSS, and DSS plus LMWH groups (n = 18). Disease activity was scored by a disease activity index (DAI). Histological changes were evaluated by hematoxylin and eosin (HE) staining. The mRNA levels of syndecan-1, interleukin (IL)-1b, and IL-10 were determined by quantitative reverse transcription polymerase chain reaction. Protein expression of syndecan-1 was detected by immunohistochemistry. The serum syndecan-1 level was examined by a dot immunobinding assay. LMWH ameliorated the disease activity of colitis induced by DSS administration in mice. Colon destruction with the appearance of crypt damage, goblet cell loss, and a larger ulcer was found on day 12 after DSS administration, which was greatly relieved by the treatment of LMWH. LMWH upregulated syndecan-1 expression in the intestinal mucosa and reduced the serum syndecan-1 level on days 12 and 20 after DSS administration (P,0.05 vs. DSS group). In addition, LMWH significantly decreased the expression of both IL-1b and IL-10 mRNA on days 12 and 20 (P,0.05 vs. DSS group). LMWH has therapeutic effects on colitis by downregulating inflammatory cytokines and inhibiting syndecan-1 shedding in the intestinal mucosa. 
Introduction
Low molecular weight heparins (LMWHs) are mixtures of heparin molecules in the range of 3000 to 10,000 Daltons [1] . LMWH is widely used as an anticoagulant drug based on its antithrombin III-activating properties as unfractionated heparin. Recently, LMWH has been found to possess anti-inflammatory properties [2] . Moreover, it has been demonstrated that LMWH ameliorates the inflammatory response in experimental colitis in rats [3, 4, 5] and syndecan-1-deficient mice [6] . Accumulating evidence has indicated that LMWH is beneficial for treating patients with active ulcerative colitis [3, 4, 5] , while the underlying mechanism remains poorly understood.
Syndecan-1 is a member of the syndecan family, which consists of the cell-surface heparan sulfate proteoglycans (HSPG) that regulate cell behavior by binding extracellular matrix molecules such as growth factors, cytokines, and even heparin-binding proteins on the bacterial surface [7] . Syndecan-1 plays an important role in promoting wound repair, maintaining cell morphogenesis, and mediating inflammatory responses [8] . In addition, syndecan-1 participates in the composition of tight junctions and maintains mucosal barrier function [9] . Interestingly, recent studies have shown that syndecan-1 is shed and released into the blood and that syndecan-1 shedding is an important mechanism by which neutrophilic inflammation is relieved by aiding the clearance of proinflammatory chemokines in a heparan sulfate-dependent manner [10, 11, 12] . Activated syndecan-1 shedding is observed in many pathological processes such as inflammatory response in the lung [13] .
In the present study, we investigated the effects of LMWH on dextran sulfate sodium (DSS)-induced colitis in mice, in which acute colitis progresses to chronic colitis. LMWH is an analogue of syndecan-1 and can competitively inhibit or imitate the function of syndecan-1. Thus, we hypothesized that syndecan-1 may be involved in the inflammation of colitis.
Materials and Methods
Reagents DSS (molecular weight, 36-44 kDa) was obtained from MP Biomedicals, USA. LMWH (enoxaparin) was purchased from Aventis, France. TRIzol reagent was purchased from Invitrogen (Foster City, CA, USA). The qRT-PCR kit was obtained from Fermentas (Hanover, MD, USA). The monoclonal rat anti-mouse syndecan-1 antibody (281-2) was provided by Dr. Pyong Woo Park (Children's Hospital of Harvard University, Boston, MA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-rat antibody was from Zhongshan Jinqiao Biotechnology (Beijing, China). The polyvinylidene difluoride (PVDF) membranes were purchased from Millipore (Bedford, MA, USA).
Animals and grouping
A total of 54 male C57BL/6 mice (6-8 weeks old, 16-18 g in weight) were obtained from the Animal Center of Southern Medical University (Guangzhou, China). All mice were housed in specific pathogen-free (SPF) conditions and had free access to food and water prior to the experiment. The mice were randomly divided into three groups: control, DSS, and DSS plus LMWH (n = 18). Colitis was induced as previously reported [14, 15] . Mice in the DSS and DSS plus LMWH groups were given 3% DSS solution dissolved in distilled water for 5 days followed by 14 days of feeding with distilled water. In the DSS plus LMWH group, mice received daily subcutaneous injection of LMWH (5 mg/ mouse) for 19 days. In the control group, mice were given fresh distilled water and an injection of the same volume of normal saline every day. The protocols for animal experiments were approved by the Ethics Committee of Southern Medical University (Permission No.: 2009-015).
Evaluation of colitis
The disease activity index (DAI) was determined by scoring the extent of body weight loss, stool hemoccult positivity or gross bleeding, and stool consistency in accordance with the method described by Murthy et al. [16] (Table 1) . The DAI was assessed by an investigator who was blind to the experimental groups.
Histological and immunohistochemical analyses
Six animals from each group were sacrificed by subcutaneous injection of a lethal dose of 10% chloral hydrate for further examination on days 5, 12, and 20. Half of the samples were subjected to histological study and immunohistochemical analysis,the rest were used to measure mRNA expression of mucosal Syndecan-1, IL-1, and IL-10. The colonic tissues were excised and rinsed with ice-cold phosphate-buffered saline. Some colonic tissues were fixed in 4% paraformaldehyde (PFA), dehydrated with a graded ethanol series, cleared in dimethylbenzene, and embedded in paraffin. Hematoxylin and eosin (HE) staining was performed according to standard procedures. Some of the sections were subjected to immunohistochemical analysis using a monoclonal anti-syndecan-1 antibody (clone 281-2) and an immunohistochemistry kit (Kit-5001) according to manufacturer's instructions (Maixin Bio Fuzhou, China). The images were captured by a Nikon Eclipse E600 microscope (Tokyo, Japan). The rest tissues were snap frozen in liquid nitrogen and stored at 280uC for RNA isolation.
Histological score
The histological score was a combined score of acute inflammatory cell infiltration (0-4), chronic inflammatory cell infiltration (0-3), and crypt damage (0-4), as described previously [15] . Specifically, the crypt damage was scored in the following manner: 0 for an intact crypt, 1 for loss of the basal one-third of the crypt, 2 for loss of the basal two-thirds of the crypt, 3 for entire loss of the crypt, and 4 for loss of the crypt and surface epithelium. At least 15 areas on each slide were examined, and the average score was calculated.
Immunohistochemical score
Immunostaining for syndecan-1 on the membranes of intestinal epithelial cells and glandular epithelial cells was semi-quantified by incorporating both the intensity and the distribution of staining, yielding a subjective score as previously described [17] . Briefly, staining intensity was graded according to the following criteria: 0 (no staining), 1 (weak staining = light yellow), 2 (moderate staining = yellowish brown), and 3 (strong staining = brown). The average percentage of positive cells was converted into a four-tier numerical score (0.1, ,25%; 0.4, 25-50%; 0.6, 51-75%; 0.9, .76%). The average score was calculated from at least eight sections for each sample. The total score was then generated based on the average staining intensity and the average percentage of positive cells.
Quantitative real-time polymerase chain reaction analysis . PCR was performed for 40 cycles with denaturation (95uC for 30 s) and annealing (62uC for 34 s). Specificity of amplification was checked by melt curve analysis. mRNA expression for the different genes was normalized against GAPDH and fold change over control was determined according to the ddCt method described previously [18] .
Dot immunobinding assay
The shed syndecan-1 in the serum was detected by a dot immunobinding assay. Before animals were sacrificed, blood samples were collected from the apex of the heart using a 1 mL syringe. The serum was separated, and 2 mL of the serum sample was loaded onto the dot-blot apparatus (Minifold, USA). In the control group, ABS-Tween was used instead of the serum sample. The PVDF membranes were blocked in 5% non-fat milk in Trisbuffered saline (TBS) for 1 h at room temperature. After washing with TTM solution twice, the membranes were probed with syndecan-1 antibody (0.2 mg/mL dissolved in TTM solution) at 4uC overnight. The membranes were then washed twice in TTM for 30 min each time and incubated with HRP-conjugated goat antibody (1 mg/ml in TTM) for 2 h at room temperature. After washing twice, the dots were visualized by incubation of the membranes in ECL solution and then exposed. Finally, the IOD value was quantified.
Statistical analysis
Statistical analysis was performed using SPSS13.0 software (SPSS Inc., Chicago, IL, USA). Data were expressed as means6standard deviation (SD). One-way analysis of variance (ANOVA) analysis was used to assess within group differences. One-way ANOVA or the independent-sample t-test was used to determine the differences among different groups. Significance was determined at p,0.05.
Results

LMWH ameliorates colitis in mice
Mice in the control group showed normal body weight and stools (Table 1) . However, in the DSS group, diarrhea and guaiac positivity appeared on day 3 and gross bleeding occurred on day 4 after DSS administration. Two weeks later, animals presented chronic colitis with signs of loose stools and guaiac positivity. Compared with control mice, the DAI value was significantly greater from days 3 to 20 in mice treated with DSS (P,0.05, Fig. 1 ). Compared to the DSS group, the colitis symptoms were dramatically relieved on day 6 in mice of the DSS plus LMWH group. Additionally, LMWH treatment significantly decreased the DAI value compared with the DSS group beginning on day 6 (P = 0.023, Fig. 1 ). LMWH improves the histological disturbances of colitis induced by DSS Next, we examined the histology of the intestinal mucosa in different experimental groups. The distal ends of the colon obtained from each group were stained with HE. After 5 days of DSS administration, impaired intestinal mucosa, crypt, and gland damage, a multifocal shallow ulcer, as well as neutrophil infiltration of the epithelium and lamina propria appeared ( Fig. 2A) . Similar but slightly relieved histological disturbances were observed in mice treated with DSS plus LMWH on day 5 (Fig. 2D) . Aggregative colon destruction with the appearance of crypt damage, goblet cell loss, and a larger ulcer were found on day 12 after DSS administration (Fig. 2B) , which was greatly relieved by the treatment of LMWH (Fig. 2E) . Notably, the symptoms of colitis were relieved on day 20 after DSS administration, showing limited multifocal aphthae, crypt, and goblet cell regeneration, gland repair, as well as lymphocyte and monocyte infiltration of the mucosa and submucosa (Fig. 2C) . In the DSS plus LMWH group, LMWH remarkably decreased the histological disturbances on day 20 compared with the DSS group (P = 0.038, Fig. 2F ). Intact intestinal mucosa and intestinal epithelium as well as a regular gland array were detected in control mice (Fig. 2G ). Neither inflammatory cell infiltration nor an ulcer was found in these mice. Quantification of the histological score in different groups indicated that LMWH significantly reduced the histological disturbances on days 12 and 20 after DSS administration (P,0.05 compared to the DSS group).
LMWH inhibits syndecan-1 shedding in the intestinal mucosa of DSS-induced colitis
To evaluate the involvement of syndecan-1 in LMWHmediated alleviation of colitis, we examined the expression of syndecan-1 in the intestinal mucosa at both the mRNA and protein levels by qRT-PCR and immunohistochemistry, respectively. In the DSS group, the mRNA expression of syndecan-1 in the intestinal mucosa was significantly less on days 5, 12, and 20 compared with that in the control group (P,0.05, Fig. 3 ). However, the mRNA level of syndecan-1 was greater on days 12 and 20 in the DSS plus LMWH group, compared to that in the DSS group (P,0.05, Fig. 3) .
Next, we performed immunohistochemical staining of syndecan-1 in the intestinal mucosa. In the control group, almost all membranes of epithelial cells and glandular epithelial cells were stained as dark yellow, while in the DSS group only some of the cellular membrane was stained yellow. In addition, the immunohistological score was significantly less in the DSS group compared to that in the control group (P,0.05, Fig. 4 ). However, in the DSS plus LMWH group, on days 12 and 20 after DSS treatment, most cellular membranes were stained dark yellow and the immunohistological score was significantly greater than that in the DSS group but still less than that in the control group (P,0.05 vs. the DSS group; P,0.05 vs. the control, Fig. 4) .
The dot immunoassay results further demonstrated that the level of shed syndecan-1 in the serum was significantly greater in the DSS and DSS plus LMWH groups than in the control group (P,0.05, Fig. 5 ). Moreover, in the DSS plus LMWH group, the level of shed syndecan-1 in the serum was significantly less on days 12 and 20 than that in the DSS group (P,0.05, Fig. 5 ).
We performed Spearman rank correlation analysis between syndecan-1 immunohistochemical scoring and epithelial cell damage (one of the histological scoring indicators) for their relationship in the DSS and DSS plus LMWH groups. Our result showed that their correlation was significant on days 12 and 20 after LMWH treatment compared with the DSS group (p = 0.001). Taken together, these results indicate the loss of syndecan-1 and intestinal mucosal damage in the colonic mucosa of DSS-induced colitis, while the loss of syndecan-1 and histological lesions could be restored partially by LMWH treatment.
LMWH inhibits the expression of IL-1b and IL-10 in the intestinal mucosa of DSS-induced colitis
To investigate the role of inflammatory factors in DSS-induced colitis, we determined the mRNA levels of IL-1b and IL-10 in the intestinal mucosa by qRT-PCR. In the DSS and DSS plus LMWH groups, the mRNA levels of IL-1b and IL-10 in the intestinal mucosa were significantly upregulated compared with the control group after DSS administration (P,0.05, Fig. 6 ). However, LMWH significantly downregulated both IL-1b and IL-10 mRNA levels on days 12 and 20 after LMWH treatment compared with the DSS group (P,0.05, Fig. 6 ).
We also performed Spearman rank correlation analysis between the mRNA levels of IL-1b and syndecan-1 for their relationship in the DSS and DSS plus LMWH groups. Their correlation was significant on days 12 and 20 after LMWH treatment compared with the DSS group (P,0.001).
Discussion
The DSS mouse model of experimental colitis has been widely used to investigate the pathological changes of colitis and to develop effective therapeutic approaches [15, 19] . In this study, we fed C57BL/6 mice with 3% DSS solution for 5 days, followed by distilled water for 2 weeks, and established an ideal colitis model in which clinical and pathological changes were similar to those of human colitis. Acute clinical symptoms (diarrhea, guaiac-positivity, and/or grossly bloody stool) appeared within five days after DSS treatment, which were associated with crypt damage, goblet cell loss, ulcers, neutrophil infiltration of the epithelium and lamina propria, and elevated DAI values. Animals treated with DSS for 5 days, followed by 14 days of water, developed chronic colitis with the following features: loose stools, crypt and goblet cell regeneration, gland repair, and lymphocyte and monocyte infiltration of the mucosa and submucosa. These results suggested that DSS could induce acute and chronic colitis accompanied with inflammatory responses in the mice.
We found that DAI, histological score, and mRNA levels of IL1b and IL-10 in the DSS and the DSS plus LMWH groups were greater than those in the control group. Meanwhile, the syndecan-1 mRNA and protein levels in the DSS and the DSS plus LMWH groups were less than those in the control group. Surprisingly, the level of shed syndecan-1 in the serum of the DSS and the DSS plus LMWH groups was greater than that in the control group. In the DSS plus LMWH group, LMWH could ameliorate the disease activity, relieve histopathological disturbances of DSS-induced colitis, inhibit syndecan-1 shedding, and increase the protein and mRNA levels of syndecan-1. Furthermore, LMWH downregulated the mRNA expression of inflammatory cytokines IL-1b and IL-10.
Syndecan-1 is localized physiologically on the cell-surface and in the extracellular matrix and plays critical roles in composing tight junctions and maintaining mucosal barrier function [9] . Syndecan-1 acts as a coreceptor for several tyrosine kinase receptors. For example, it reinforces the activity of the complex of basic fibroblast growth factor (bFGF) and the FGF receptor as well as promotes wound healing through stimulation of keratinocyte proliferation [7, 20] . In vitro, shedding of the extracellular domain of syndecan in intestinal epithelial cells disrupts FGF-dependent proliferation. In syndecan-1-deficient mice after colitis induction, delayed skin and corneal wound healing, functionally adverse repair, prolonged recruitment of inflammatory cells, and significant upregulation of TNFa were detected [6] .
Furthermore, free syndecan-1 ectodomains, which contain intact HS chains, play a role in protecting the integrity of the intestinal epithelial barrier as well as syndecan-1 [6] . Since epithelial barrier function is essential for the pathogenesis of inflammatory bowel disease [21] , lacking the protective factor syndecan-1 in the intestine can promote inflammatory reactions. In addition, loss of syndecan-1 expression may reduce liganddependent activation of growth factor receptors, thus impairing mucosal healing [22] . We found that syndecan-1 ' s mRNA and protein expression in the colonic mucosa of DSS-induced colitis mice was gradually decreased, while the levels of IL-1b and the free syndecan-1 ectodomain in the serum were increased. These results suggest that syndecan-1 shedding might be correlated with increased IL-1b levels and lead to severity of DSS colitis.
As important pro-inflammatory factors, IL-1b and TNF-a secreted by mononuclear cells in lamina propria increased in IBD tissue [23] . IL-1b can promote the activation, proliferation, differentiation of immunocytes, and the expression of immunological molecules [24] . IL-10 is an important anti-inflammatory factor secreted by mononuclear cells and macrophages in colitis, which can suppress inflammatory reaction and decrease the secretion of pro-inflammatory cytokines such as IL-1b and TNF-a. Mice deficient in IL-10 develop colitis spontaneously, and low levels of IL-10 are positively correlated with recurrences of Crohn's disease [25, 26] .
The expression of syndecan-1 and the proinflammatory cytokine TNFa has been found to be inversely correlated in the colonic mucosa of patients with Crohn's disease [27] . In addition, a reduction of syndecan-1 expression has been shown to upregulate TNFa signaling in an in vitro model [28, 29] . Conversely, increased TNFa levels and activity induce the downregulation of syndecan-1 and promote its shedding [22, 28] . In this study, we found that the mRNA expression of IL-1b was inversely correlated with syndecan-1 in the intestinal mucosa of DSS-induced colitis. These data indicate that IL-1b, as well as TNFa, could down-regulate syndecan-1 expression [22] and may account partially for the reduced expression of syndecan-1 in DSSinduced colitis. The possible mechanism is that IL-1b can increase the synthesis of matrixmetalloproteinase-7, the sheddase of syndecan-1 [30] .
It has been shown that LMWH can efficiently prevent concanavalin A-induced hepatitis in mice by inhibiting inflammation [31] . Furthermore, LMWH ameliorates the inflammatory response of experimental colitis in syndecan-1-deficient mice [32] . Previous studies have demonstrated that heparin downregulates the production of proinflammatory cytokines including IL-1b, TNFa, IL-6, and IL-8 [32, 33, 34, 35] . In this study, we found that LMWH downregulated the levels of IL-1b and IL-10 in colitis mucosa, reduced the shedding of syndecan-1, and ameliorated colitis induced by DSS. The exact anti-inflammatory mechanisms of LMWH remain unclear. We presumed that LMWH may inhibit inflammation via the following routes.
LMWH may act on upstream cytokine pathways, reduce the expression of inflammatory cytokines (such as IL-1b and IL-10) and thus alleviate the inflammation reactions in DSS-induced colitis. The reduced expression of IL-1b might lead to the upregulation of syndecan-1 in the intestinal mucosa through reducing the synthesis of matrixmetalloproteinase-7 [30] .
LMWH may inhibit syndecan-1 shedding via the inhibition of heparanase. Heparanase is an endo-beta-D-glucuronidase capable of cleaving heparan sulfate (HS) side chains, yielding soluble syndecan-1. The colonic epithelium is the major heparanase producer under chronic inflammatory conditions. In inflammation processes, heparanase is also activated and further promotes syndecan-1 shedding and weakens its functions [36] . LMWH has been shown to be efficacious in ulcerative colitis and Crohn's disease patients by inhibiting the activity of heparanase [37] .
LMWH is a structural and functional analogue of the syndecan-1 heparan sulfate chains and possesses ligand binding properties similar to syndecan-1 [7, 38, 39] . For example, LMWH can be a coreceptor of FGF in epithelial cell lines [40, 41] . It has been proposed that heparan sulfate might be secreted by epithelial cells to maintain an intact intestinal barrier after the shedding of dead epithelial cells [42] . Deficiency in syndecan-1 contributes to the increased severity of DSS colitis, which promotes delayed wound repair and re-epithelialization, and the function of syndecan-1 could be restored with heparin treatment [6] . Consistent with previous results [43] , we found that the mRNA and protein expression of syndecan-1 in the colonic mucosa of DSS-induced colitis was greatly decreased, while the syndecan-1 level in serum was much greater. Furthermore, in the DSS plus LMWH group, LMWH greatly increased syndecan-1 expression after DSS administration and reduced the serum syndecan-1 level, compared with the DSS group (P,0.05). These results indicate the involvement of syndecan-1 in DSS-induced colitis and suggest that LMWH, as a substitute of the free syndecan-1 ectodomain, might prevent or relieve colitis inflammation by inhibiting syndecan-1 shedding in the colonic mucosa. Further investigation of the role of syndecan-1 shedding in the pathogenesis of colitis is needed.
In summary, our present study provides valuable insights into the anti-inflammatory role of LMWH in the treatment of colitis. Future studies will be necessary to explore the mechanism of LMWH-mediated inhibition of syndecan-1 shedding in this process. These studies will provide evidence to support the promising application of LMWH in the treatment of colitis. 
